playing or learning an instrument, and trouble dancing or clapping in synchrony with a song. These impaired musical abilities may result from a disorder described in the literature as "amusia", which is defined as the inability to notice and reproduce music. This condition is often present in educated individuals who have normal exposure to music and no auditory deficits 8, 9 . Amusia can be acquired or congenital and may be related to a predominant impairment in musical perception: rhythm (beat deafness) or melody (tone deafness) 8, 9 . Acquired amusia is typically attributed to brain lesions caused by trauma, tumors, or vascular events. These lesions occur in areas required for music processing and usually cause cognitive damage, such as executive, memory, or attention deficits 10 . In contrast, individuals with the congenital form of amusia (about 1.5% to 4% of the general population) 11, 12 have difficulty understanding nonverbal elements of language (e.g. constituents of prosody), but do not present with cognitive dysfunction, except for spatial orientation problems 13 . These individuals exhibit predominant impairments in melody perception 9, 14 . Congenital amusia is also understood to be a cerebral disconnection disorder, secondary to abnormalities in the arcuate fasciculus -the fiber tract that connects the temporal cortex to the inferior frontal cortex [15] [16] [17] [18] . It should be noted that MRI studies on individuals with congenital amusia have shown no alterations in the auditory cortex gray matter 15, 16 . These findings are compatible with electrophysiological recordings that have revealed intact auditory processing pathways in primary cortical areas of individuals with this condition, analyzed by mismatch negativity (MMN) 19 , a long-latency auditory evoked potential related to auditory cognitive processing 20, 21, 22 . The MMN reflects a pre-attentive memory trace produced as response to a repetitive and identical auditory stimulus. Any discriminable change in some aspect of a repeated sound (e.g. frequency, duration, or intensity) elicits a neuronal activity in primary auditory cortical areas, independent of the individual's attention. The MMN is registered as a negative peak deflection on an electroencephalogram, which occurs 100-250 ms after an auditory stimulus (Figure 1 ) 20, 21, 22 . Considering that a disconnection syndrome is common to both congenital amusia and NF1 cognitive profiles, as well as the recent finding that individuals with NF1 often have an auditory processing disorder and complain of poor musical ability, we explored whether amusia could be considered a common feature of NF1. Additionally, through electrophysiological analysis of hearing, we also investigated if there was any impairment in primary cortical areas related to auditory processing.
METHODS
This was a cross-sectional, observational, case-controlled study approved by the Ethics Committee of Federal University of Minas Gerais (#4062315.7.0000.5149). Informed consent was obtained from all participants or their parents. 
Study population
The study sample consisted of 40 individuals aged between 16 and 35 years. The NF1 group comprised 18 patients who met at least three diagnostic criteria set by the National Institutes of Health for NF1 1 . Patients were invited from the Neurofibromatosis Outpatient Reference Center of the Hospital das Clínicas of the Federal University of Minas Gerais, Belo Horizonte, Brazil, where they are evaluated and followed-up by a multiprofessional team. The control group consisted of 22 individuals using the Unified Health System, matched by sex, age, and education to the NF1 group.
Exclusion criteria
Through the medical records analysis and clinical interview, individuals with auditory loss, other neurological diseases or cognitive impairment that could interfere with the administered tests were excluded from participation in this study. Individuals with current musical practice or those who had studied music for longer than six months also met the exclusion criteria.
Musical background questionnaire
All participants answered a musical background questionnaire, which contained questions about previous musical study and experience.
Peripheral auditory evaluation
After undergoing otoscopy for evaluation of external auditory canal and tympanic membrane integrity, participants were submitted to a basic audiology evaluation (pure tone audiometry and speech audiometry 23 ) to confirm the absence of auditory loss. Normal peripheral hearing was defined as an air conduction threshold of 25 dB hearing level or better at octave frequencies from 250 Hz to 8,000 Hz (ANSI S3.6). Participants were evaluated with an Interacoustics AD226 clinical audiometer in a quiet room with an ambient noise level of 30 dB, using the procedure recommended by the ANSI S3-1991. A Homis model 910 decibel meter (Homis Controle e Instrumentação Ltda., São Paulo, Brazil) was used to measure sound intensity (dB sound pressure level).
Music processing assessment
An evaluation of music perception was performed through a short version of the Montreal Battery Evaluation of Amusia (MBEA) proposed by Nunes-Silva and Haase 24 . The original MBEA version 14 was validated and normalized for use in Brazil by the same authors. All versions evaluate six components of music processing: scale, contour, interval, rhythm, metric, and music memory. The test comprises novel musical phrases, composed according to the Western tonal system and executed by a computer with a piano tone. In the current study, sound stimuli were presented through earphones with filters; sound intensity was adjusted to a level considered comfortable by the participants, and testing was conducted in a soundproof, temperature-controlled room.
The MBEA-short version has approximately half the number of the full version items, and an average application time of 50 minutes. Testing was administered to all participants by the same examiner. The musical phrases used in this examination had predefined, random allocations that were organized into six tests. Four of these tests had a strategic item, which was designed to evaluate a participant' s selective attention; errors on these tests invalidated the respective test (Table 1) . Before administration of the MBEA, each participant was given instructions and presented with sample items. All item answers were registered using a standard form.
Electrophysiological auditory evaluationmismatch negativity
In order to obtain the MMN, we used an ICS Chartr EP 200 System type 1073 from GN Otometrics A/S connected via USB to a computer. Two reference electrodes were positioned on the participants' earlobes (A1 and A2); the active electrode on the Fpz position and the ground electrode on Fp2, according to the International System 25 . An impedance < 5 kΩ was maintained throughout the examination for all electrodes, as well as the difference between impedances below 3 kΩ.
For visual distraction, a silent movie with subtitles was shown to participants during the examination. Acoustic stimuli were presented binaurally through earphones, Identify whether the melody was previously presented or is novel 1. In melodic organization tests, the difference occurred in the pitch of a single note in the second melody; the altered note was selected according to the component of evaluation (scale, contour, or interval). In the rhythm test, the alteration occurred in the duration of two adjacent notes.
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. This item contained pairs of melodies that were clearly different. 3 . Constructed using the same Western pattern of composition as the others melodies.
and were arranged in blocks of identical stimuli (patterns), with a frequency of 900 Hz. Occasionally, signals were substituted at random intervals by different stimuli (deviants), at a frequency of 1,000 Hz. Both signal types were presented at an intensity of 75 dB hearing level, with the same duration and interstimulus interval. In terms of the MMN parameters, we analyzed the occurrence and latency, determined by the difference in time between the sound stimulus emission and the most negative deflection point of the evoked potential.
The MMN was registered as a negative peak deflection on an electroencephalogram, occurring 100 ms to 250 ms after the auditory stimulus. The MMN was obtained by subtracting the standard stimulus potential from the potential related to the deviant stimulus (Figure 1 ) [20] [21] [22] .
Statistical analysis
A descriptive analysis of the collected data was performed to characterize participants according to age, sex, schooling, length of musical study, MBEA score, and MMN occurrence and latency. Kolmogorov-Smirnov test was used to evaluate whether these variables were normally distributed, while measures of central tendency and dispersion were performed for quantitative variables.
A correlation analysis between groups included MBEA scores, occurrence and latency of the MMN, and independent variables such as age, sex, length of musical study, and education. The direction and magnitude of these correlations were defined through appropriate tests, which are presented alongside the results of the corresponding analysis in the following section. The statistical significance assumed for these correlation analyses was based on a p value < 0.05.
RESULTS
The NF1 group showed significantly reduced scores on the short MBEA compared to the control group, a phenomenon that was also observed on all MBEA subtests ( Figure 2, Table 2 ). Both groups were similar in terms of age, sex and schooling (Table 3) no correlation between these variables and MBEA scores (Table 4) . However, in a within-group analysis, we observed that lower MBEA values in the NF1 group tended to correlate with longer periods of musical study. This relationship did not exist in the control group (Table 4) . A short MBEA score that was below 2 SDs of the control group mean was used for the diagnosis of amusia. Occurrence of this condition was observed in 67% of patients in the NF1 group and 4.5% of the healthy controls (p = 0.001, odds ratio (OR) = 42.0, confidence interval (CI): 4.5-391.6). The same tendency was verified when an isolated analysis was performed on the melodic subtest (p = 0.002, OR = 21.0, CI = 2.3-191.2) and temporal subtest (p = 0.001); OR and CI were not measured, because temporal impairment was not observed in the control group). There was no statistical difference between groups on the memory subtest (p = 0.115, OR = 6.0, CI = 0.6-59.4) (Figure 2) .
Diagnosis of amusia in the NF1 group showed a strong correlation with worse results on the temporal subtest of the MBEA, although impairment on the melodic subtest was also prevalent (Figure 2, Table 5 ). Among the six patients with NF1 without amusia, three presented with isolated temporal processing deficits, while none exhibited disruptions in melodic processing. In the control group, the only individual that met the diagnostic criteria for amusia showed impairment on the melodic, but not the memory or temporal, subtest of the MBEA.
The MMN was identified in most participants, and latency was similar in both channels. Thus, we chose the right auricular position (corresponding channel, Fpz-A2) for our analysis, since registry of the left auricular position (Fpz-A1) was absent in two participants. The MMN amplitude was not used as an evaluation parameter, as the baseline values could not be defined for several examinations (Figure 3 ). These measurement issues are not unique to this study and have been described by other authors 26 . In the NF1 group, there was a trend toward higher latency values for lower MBEA scores (p = 0.056; slightly superior to the reference p < 0.05) ( Figure 4A ). In this For the MMN analysis, there were three missing stimuli (volunteers that did not return to perform the MMN) tests amongst the NF1 patients: two classified as "with amusia" and one as "without amusia". In the control group, there were also three missing stimuli, all classified as "without amusia". *It was not possible to obtain mean and standard deviation values for MMN latency in the control group with amusia, as the data corresponded to a single individual.
group, mean latency was higher among patients with amusia (p = 0.031) (Table 5, Figure 4B ) However, there was no significant difference between patients with NF1 and controls in terms of MMN occurrence and latency. There was also no significant difference between individuals with and without amusia, as well as between MBEA subtests. Age, sex, schooling and length of musical practice also did not correlate with the MMN results.
DISCUSSION
This is the first investigation to evaluate the prevalence of amusia in patients with NF1. Our findings revealed that the risk of amusia was 42 times greater in patients with NF1 than in healthy controls. More specifically, 67% of the NF1 patients included in this study presented with amusia, while only 4.5% of controls displayed the condition. 
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In terms of scores on the MBEA and its subtests, the NF1 group exhibited worse performance on all MBEA subtests. The impairment of musical memory was the least statistically significant. However, the number of items in the memory subtest is far smaller than other subtest groups (temporal and melodic); thus, this analysis is probably associated with low statistical power. Factors such as sex, age and education did not correlate with the MBEA scores.
Impaired temporal organization was predominant in patients with NF1, independent of a diagnosis of amusia. This finding corroborates a recent report by Batista and colleagues 7 , which described significantly disrupted temporal auditory processing in patients with NF1. Interestingly, children and teenagers with the same impairment, but without NF1, also exhibit difficulties in perceiving music, especially in their ability to judge meter, an element of temporal musical structure 27 . This evidence suggests a possible relationship between a temporal auditory processing disorder and amusia in NF1.
We postulate that the impaired music perception exhibited by patients with NF1 in the current study was not related to compromised attention, as we used the short version of the MBEA 24 . This version of the test requires only 50 minutes, which is far less than the time associated with the full version of the MBEA (90 minutes) 14 . Thus, subjects may have experienced less fatigue during testing, reducing the chance of impaired selective attention and working memory 28 . Moreover, no error was made on the strategic item of the MBEA, that relates to selective attention; therefore, no test was invalidated. Additionally, the adjustment of sound intensity through filters, as well as soundproofing and temperature control of the test environment, reduced the likelihood that attention would be diverted to other stimuli.
Scores of the control group on the short version of the MBEA suggest its equivalence to the full version. The mean score and cutoff point for a diagnosis of amusia was similar to that employed in previous studies of congenital amusia using the full MBEA 14, 29, 30 and was also comparable to another study employing a short version proposed by Wise 31 . Moreover, the incidence of congenital amusia among controls in the present study was similar to that found in the general population 11, 12 . We did not find any previous studies of the analysis of the MMN in NF1. In the present study, the MMN occurrence and latency were similar between patients with NF1 and controls. However, in the analysis separated by group, a higher latency of the MMN tended to correlate with lower MBEA scores in the NF1 group but not in healthy controls. These findings are in contrast to studies evaluating the MMN in individuals with congenital amusia, who have no abnormalities in this evoked potential 19, 32 . In light of our electrophysiological findings, as well as the significant impairment of temporal music processing in individuals with NF1, we conclude that the amusia present in this disease may have different genetic and neurophysiological substrates than that in congenital amusia. Thus, a possible correlation with an auditory processing disorder must be considered, as well as correlations with other cognitive characteristics present in NF1 (e.g. learning difficulties and language disorders), as these impairments are absent in individuals with congenital amusia. A B
